The inhibitory effects of crude extracts of Zostera marina L. and Zostera noltii Hornemann on the growth of the toxic red tide dinoflagellate Alexandrium catenella were investigated through bio-assays. Methanolic and aqueous extracts were prepared from fresh and detrital leaves of Z. marina and Z. noltii collected in the Thau lagoon and Arcachon bay (France). All the extracts exhibited significant inhibition of A. catenella growth, whatever the species and without the need of continuous addition of extracts , for Z. noltii and Z. marina, respectively. After exposure to the extracts, Alexandrium cells exhibited severe morphological anomalies. Hence many cells exhibited a lytic membrane and became necrotic. Cellular degradation appeared dose-and timedependent. The observed algicidal activities demonstrated the existence of bioactive molecules in the tissues of Zostera leaves, which were stable in the culture medium. The chemical contents of the crude extracts were determined by NMR, LC/MS, and quantitative HPLC. Results showed the predominance of flavonoids and phenolic acids. The total phenolics concentrations correlated negatively with the EC 50 values, suggesting that these secondary metabolites might be responsible for the observed algicidal effects.
Introduction
In recent years, the control of harmful algal blooms (HAB) has become an important issue for coastal ecosystem protection (Anderson et al., 2001; Kim, 2006) . Aquatic macrophytes have long been suspected of limiting phytoplankton growth through the production and excretion of chemical substances . There is now strong evidence that chemical interferences occur in freshwater ecosystems with many organisms secreting inhibitory compounds (allelochemicals) against microalgae and cyanobacteria (Nakai et al., 2000; Thomas et al., 2000; Gross et al., 2007) . Allelopathy refers to any direct or indirect, harmful or beneficial effect produced by plants, protists (e.g. microalgae, ciliates), bacteria, or viruses on another through the production of chemical compounds that leak into the environment (Rice, 1984) . It has been suggested that growth inhibition of phytoplankton by submerged macrophytes may confer an advantage to the former in the competition for light, carbon, and nutrients (Gross, 2003; Gross et al., 2007) . In the last decades, studies have shown that chemical interactions could play an important role in marine ecosystems in regulating the diversity, structure and seasonal variations of phytoplankton communities (Granéli and Hansen, 2006; Ianora et al., 2006; Granéli et al., 2008) . The allelopathic effects of macroalgae against red tide microalgae have been reported (Jeong et al., 2000; Wang et al., 2007; Tang and Gobler, 2011) , involving in particular the impacts of different species of Ulva on A. tamarense populations (Jin and Dong, 2003; Nan et al., 2008) . In contrast, non-nutrient interactions between seagrass beds and HAB microalgae have never been reported.
Seagrass beds are thought to have the ability to improve water clarity in their local environment by promoting particle settlement, reducing resuspension and picking up nutrients Ward et al., 1984; Fonseca, 1996) . It has also been suggested that the chemical content of Zostera. marina leaves might negatively affect the growth and photosynthetic carbon uptake of epiphytic diatoms (Harrison, 1982; Harrison and Durance, 1985) . Water-soluble extracts of Z. marina from British Columbia have been shown to inhibit the growth of microalgae and marine bacteria and to control amphipod grazing (Harrison and Chan, 1980) . Harrison (1982) suggested that water-soluble inhibitors may explain the low biomass of epiphytes on actively growing leaves, but other bioactive compounds may also play a role. Both European Zostera species contain bioactive substances, among which zosteric acid (Todd et al., 1993; Achamlale et al., 2009a, b) , which may prevent the settlement of some marine bacteria, algae, barnacles and tube worms.
Across Europe, seagrass beds have declined, but at the same time the frequency of HAB events has increased in the last decades (Glibert et al., 2005) . Many Alexandrium species produce potent neurotoxins that may potentially affect aquatic organisms and human consumers of shellfish which bioaccumulate these toxins (May et al., 2010; Anderson et al., 2012) . In the Thau lagoon (French Mediterranean lagoon), the first major bloom of the toxic A. catenella (85 000 cells mL -1
) occurred in 1998 (Abadie et al., 1999; Lilly et al., 2002) . Since then, recurrent episodes were reported during spring and fall reaching high cell concentrations (3-14 x 10 6 cells L -1
). Toxin contaminations in bivalves frequently exceeded the sanitary threshold and have induced frequent closing of the aquaculture zones with resulting economical damages. Alexandrium outbreaks initiated and developed exclusively in the Crique de l'Angle ( Fig. 1) , a small embayment, northeast of Thau lagoon, where the highest concentrations were usually registered (Genovesi et al., 2010; Chambouvet et al., 2011; Laabir et al., 2011) . Depending on hydrological conditions, Alexandrium cells may further spread throughout the lagoon (Genovesi et al. 2013 ).
Interestingly, since 1990 the Crique de l'Angle has suffered an important regression of the Zostera bed which virtually disappeared from this area whereas it the periphery of the rest of the lagoon (Deslous-Paoli et al., 1998; Plus et al., 2001; 2003; , where blooms did not develop. Coastal ecosystems are very complex, and many controlling factors are involved in the occurrence of HABs (Anderson et al., 2012) . Their initiation, duration and intensity may be related to a number of biological, chemical, and physical factors, although, many of these complex relationships have not yet been fully identified (Glibert et al., 2005; Collos et al., 2007; Genovesi et al., 2010; Chambouvet et al., 2011; Laabir et al., 2011; Anderson et al., 2012 , Genovesi et al., 2013 . In our case, among the possible causes of Alexandrium proliferations, the question arises if it is possible to draw conclusions from the chronology of events observed in the Thau lagoon, and to hypothesize that the disappearance of Zostera beds may have facilitated the settlement of Alexandrium blooms in the Crique de l'Angle. This hypothesis was supported by a cross-analysis of the French REPHY (phytoplankton and phycotoxins) and REBENT (benthic organisms) monitoring network databases that revealed low occurrences of Alexandrium blooms in the vicinity of extensive Zostera beds. In particular, in the Arcachon bay (French Atlantic Coast), a tidal ecosystem sheltering an important Zostera bed, low concentrations of Alexandrium spp. are observed and blooms never occurred (Auby et al., 2011) .
In order to test this hypothesis, we have studied the effects of crude extracts of Zostera species on the growth of A. catenella to evaluate their potential negative impact. The main objectives of our study were (i) to assess algicidal activity of the metabolites produced by Z. marina and Z. noltii, (ii) compare the inhibitory effects of extracts from Zostera species collected in Mediterranean (Thau lagoon) and Atlantic marine waters (Arcachon bay), and (iii) to identify the causative bioactive substances.
Material and methods

Collection sites
The Thau lagoon is a brackish shallow lagoon located on the French Mediterranean coast (43°24'N-3°36'E) covering 75 km 2 with a mean-depth of 4.5 m (10 m maximum). Its catchment is drained by numerous little streams with intermittent and seasonal inflows. The lagoon is connected to the sea by two narrow openings. The two seagrass species, Zostera marina and Z. noltii, constitute about 22% of the total macrophytobenthos biomass that has been estimated at 8.74 ± 2.79 tons dry weight (DW) (Plus et al., 2005) . The seagrass bed are located along the periphery of the lagoon between 0-and 5-m depth, except in the Crique de l'Angle, a shallow semi-eclosed area (2 km 2 , men depth < 2.5 m) at the north of the lagoon, where Zostera has disappeared (Plus et al., 2001; 2003a; .
The bay of Arcachon is a 155 km 2 mesotidal system located on the South-Western French Atlantic coast (44°40'N, 1°10'W). Tides are semidiurnal and enter the Bay through two channels. Z. noltii beds are extensive in Arcachon bay, and colonize approximately 40% of the exposed intertidal mudflats, between -0.3 m and + 3.1 m above lowest tide. The period of meadow emersion during low tide is long (10-14 h). Z. marina is found in the subtidal area adjacent to the mudflats (Plus et al., 2010) . The sampling stations were located in Andernos (inner part of the bay; 44°44'N, 01 05'W) for detrital leaves, and at Banc d'Arguin for fresh leaves.
Besides their ecological interest as breeding and transit zones for many marine species, both the Thau lagoon and the Arcachon bay hold important shellfish farming activities.
Zostera collection
Fresh leaves of Z. noltii and Z. marina were collected at two sites, Bouzigues (43°25'N, 03°35'E; Thau lagoon) at 0.40 and 1 meter deep respectively, and Arguin (44°35'N, 01°14'W; Arcachon bay) at low tide. Dead leaves of Z. noltii and Z. marina were collected from piles in the intertidal zone at Andernos (44°43'N, 01°09'W, Arcachon bay). Only the green freshlydetached material was sampled. After collection, all the samples were quickly washed in freshwater for 1 to 2 min to remove sand and salt, air-dried at room temperature and then hand-picked to remove associated debris and separate Z. noltii from Z. marina when the two species were mixed. The collection data of the plant material are provided in Table 1 .
Preparation of the extracts
Extracts were prepared from detrital or fresh leaves of Z. noltii and Z. marina. Dried leaves of plant material were cut into small pieces prior to extraction. Aqueous extracts were obtained by maceration of 10 g of plant material for 24 h in 200 mL of deionised water at room temperature. The extracts were filtered through a glass funnel then freeze-dried. Methanolic extracts were obtained by continuous extraction at reflux (100 mL for 10 g, 24 h). Extracts were evaporated to dryness under vacuo. The following abbreviations were adopted to distinguish the different extracts: (M) methanol, (W) water, (D) detrital, (F) fresh leaves, (Zn) Z. noltii, (Zm) Z. marina, (B) Bouzigues, (An) Andernos and (Ar) Arguin.
Structural analysis of the extract
The chemical content of the extracts was determined by nuclear magnetic resonance (NMR), ultraviolet (UV) and liquid chromatography-masss pectrometry (LC-MS) spectroscopies. Identification of the constituents was confirmed by comparison with authentic standards and LC/MS analyses. The solvents used were all HPLC-grade. Trifluoroactic acid (TFA) was purchased from Aldrich Chemical Company. NMR spectra were recorded on an AVANCE 300 MHz (Bruker) in DMSO d-6 (Euriso-Top, Gif-sur-Yvette). The purity of the standard used (P) was determined by quantitative NMR with sodium acetate as internal standard (Achamlale et al., 2009a, b) . This led to the following P values: rosmarinic acid (RA) 99%, caffeic acid 99.2%, diosmetin 99.5%. The reference sample of rosmarinic acid was provided by Carbosynth Limited, Beedon -Newbury -RG20 8RY, UK. The reference of zosteric acid (ZA) was synthesized as previously described (Achamlale et al., 2009b) . Flavonoid (F) standards were purchased from Extrasynthese (France).
Separation and quantification of the phenolics fromZostera dried crude extracts were performed using High-Performance Liquid Chromatography, consisting of a liquid chromatography system (Thermo electron) equipped with a SCM 1000 solvent degasser, a thermostatically controlled column apartment, an AS 3000 autosampler with a 100 μL loop, a PDA UV6000LP detector and a Chromquest Chromatography Workstation. Separations were carried out at 40 °C on a Hypersil GOLD C8 column (Thermo Finnigan), 175 A° pore size, 5 micron particle size, 250×4.6 mm i.d. column. The analytes were eluted at a flow rate of 1 mL min -1 using the binary gradient 0.1% (v/v) TFA in water (A) and methanol (B). The following linear gradient was used: 0 min, 1% B; 60 min, 99% B. Run time was 60 min; stop time: 60 min; post time: 10 min. UV spectra were collected over the range of 200-400 nm, and the quantification wavelengths of these chromatograms were set at 280, 328 nm and 350 nm. The injection volume was 20 μL. The data were integrated using Chromquest software. In addition, the data were processed to create a chromatogram, in which each peak represents the absorbance of the eluting substance at its λmax (max-plot chromatogram). Stock solutions of the dried methanolic extracts were prepared in dimethylsulfoxide (DMSO) at a concentration of 1 mg mL -1 . All solutions were filtered prior to analysis through a 0.20 µm syringe filter and injected three times into the HPLC.
Separation of the analytes was performed at 40°C. The method allowed a good separation of the compounds. Chromatographic peaks were checked for peak purity and identification was achieved by comparing retention times and UV spectra with those of the standards. Quantitative determinations of ZA were carried out by peak area measurements at 280 nm, using a calibration curve of coumaric acid which is the unsulphated analog of ZA, and has the same response factor of the HPLC detector as ZA (Achamlale et al., 2009b) .The square coefficient correlation (R 2 ) was 0.9998 (6 points). Quantitative determinations of RA were carried out by peak area measurements at 328 nm, using a calibration curve of the authentic sample at the same wavelength (R 2 = 0.99, 6 points), and Flavonoids at 350 nm, using a calibration curve of diosmetin (0R 2 = 0..99, 8 points).
Algae culture
The toxic A. catenella strain (ACT03) isolated in 2003 from the Thau lagoon was cultivated in Enriched Natural Sea Water (ENSW medium); at 38 psu, at a temperature of 20±1 °C and under a cool-white fluorescent illumination (100 μmol photons m -2 s -1
) on a 12 h:12 h light:dark cycle. Microalgae were cultured to exponential phase before subsequent inoculation.
Effect of Dimethyl Sulfoxide (DMSO) on the growth of A. catenella
The effect of increasing concentration of DMSO (0.05%, 0.1%, 0.25%, 0.5%, 1% and 5 % final concentration) on the growth of ACT03 strain was tested. There was no significant difference (t-test; N=20; t = 0.477; P = 0.636) between the growth of A. catenella cultivated in ENSW medium and those measured when DMSO was added with concentrations ranging between 0.05 and 1% of final volume of the cultures (Fig. 1) , the growth rate values ranged from 0.53 to 0.59 day -1
. At 5%, Alexandrium cells did not divide and mortality occurred. Consequently, all the experiments were conducted with a maximum of 0.2% DMSO in final volume.
Effects of Zostera extracts on Alexandrium growth
The inhibitory effects of Zostera (detrital and fresh) leaves extracts were tested at different concentrations on the ACT03 strain in batch cultures (30 mL) through different experiments during a time-course experiment of 72 hours. The extracts were dissolved in DMSO (Z. noltii) or Ultrapure-water/DMSO (1:4 in v/v) (Z. marina). The maximal concentration of DMSO which has no effect on the microalgae growth was previously determined (Fig . 1 ). Controls were performed by monitoring the growth of A. catenella in ENSW medium and in ENSW medium with DMSO or water/DMSO at the same concentrations as in the experiments with the dissolved extracts. Each flask was inoculated to obtain an initial concentration of about 800-1000 A. catenella cells mL -1
.All the experiments were conducted in triplicate. Algal growth was monitored daily by direct microscopic counts of cells. According to Guillard (1973) , the maximum growth rate (μ; day The effective concentration inducing a 50 % reduction in Alexandrium growth (EC 50 ) was determined after 72 h of exposure using curves relating maximum growth rate to the experimental dosages. Aliquots were collected at 0; 24; 48 and 72 h during the experiment and fixed with formalin (2%) to further examine the effects of extracts on A. catenella cells. Description of cell morphology and structure was performed microscopically. At least twenty cells of each culture (controls and treatments) were photographed and analysed using a digital video camera connected to an optical microscope (AxioLab, Zeiss).Alexandrium cells were observed in fluorescent light using an Olympus AX70 microscope. The cells were dyed with DAPI (4',6-Diamidino-2-phenylindole dihydrochloride, specific for DNA, Sigma). The final concentration of the used fluorochrome in each examined sample was 2.5 μg mL-1. The main cellular characteristics used to identify anomalies were the shape of the cells and the dispersion of chromatin.
Statistical analyses
Comparative analyzes of the results were performed using the t-test or its non-parametric equivalent, the Mann-Whitney U test, when normality of data was not met. When the hypothesis of equality of variance was not answered, the dose-dependence of the different extracts has been approached in using the non-parametric Kruskal-Wallis one way analysis of variance on ranks (H-test). The differences in the median values among the treatment groups were compared at different times. When statistically significant, pairwise multiple comparison procedures (Tukey Test) were used to discriminate sub-groups (P<0.05). All the experiments were repeated three times for each independent assay.
Results
Phenolic content of the extract
All the extracts contained significant amounts of phenolics. The individual compounds identified were zosteric acid (ZA), rosmarinic acid (RA) and flavonoids ( 
Effects of Zostera extracts on the growth of A. catenella
For Z. noltii extracts, a significant reduction of A. catenella densities occurred after 48h with heavy mortality when algal cells were exposed to the methanolic extracts prepared from fresh leaves (Zn-Ar-F-M, and Zn-B-F-M; H-tests: F = 15.79, P = 0.046; F = 16.35, P = 0.038, respectively), even at the lowest tested concentration (0.09 g L -1
). The cell yield measured at 72h decreased significantly for all Z. noltii extracts (H-tests: F = 23.15, P = 0.003 for Zn-An-D-W; F = 22.22, P = 0.005 for Zn-An-D-M; F = 16.72, P = 0.033 for Zn-Ar-F-M, and F = 16.17, P = 0.04 for Zn-B-F-M) when compared to the initial concentration of the inoculum, suggesting a high mortality rate (Fig. 2a) accompanied by cell damage (Fig. 4) . For the methanolic and aqueous extracts prepared with Z. noltii detrital leaves and for most of the tested concentrations (0.065 to 3.30 g L -1
), the growth rates approached 0 indicating an important inhibition of cell division (Fig. 3) . H-tests were systematically significant (H=18.717, P=0.009 and H=19.012, P=0.008 for Zn-An-D-W and Zn-An-D-M, respectively). However, the cells did reveal any lysis and the final cell density remained close to the initial one. The same inhibitory impact was observed after 48 h and was severe after 72 h exposure for extract concentrations of Zn-An-D-W higher than 0.32 g L-1. After 72 h, inhibition was established for cultures exposed to Zn-An-D-M extracts concentrations higher than 0.13 g L -1 and for concentrations higher than 0.09 g L -1 with water-soluble and methanolic extracts prepared from fresh leaves (Fig. 3) .
Z. marina extracts led to similar results. With extracts from fresh leaves collected in Arguin (Zm-Ar-F-M), a significant decrease of the A. catenella cell concentration (H-test; F = 16.67, P = 0.038) was recorded after 24h of contact suggesting an important mortality accompanied with cell degradation for concentrations ≥0.09 g L -1 (Fig.2b) . A significant decrease was observed after 48h of exposure to the extracts from detrital leaves (Zm-An-D-W and Zm-An-D-M; H-tests: F = 21.317, P = 0.006; F = 24.04, P = 0.002, respectively) at concentration ≥ 0.19 g L -1 . A significant decrease (H-test, H=21.293, P=0.003 and H=22.14,P=0.002 for Zm An-D-M and Zm-An-D-W respectively) in growth rate of A. catenella was systematically observed after 72h with extracts prepared with detritus (Fig. 3) . This generalized trend was observed with all the tested concentrations starting with the lowest concentration of 0.101 g L -1 for the extracts prepared from Zostera detritus from Andernos (Arcachon bay) including aqueous and methanolic extracts, and from 0.09 g L-1 for the methanolic extracts prepared from fresh leaves. For the extracts Zm-Ar-F-M and Zm-B-F-M, the algicidal activity was very strong and induced cell mortality even with the lowest concentrations tested (0.09 g L -1
).
Morphology of A. catenella cells exposed to Zostera extracts
A. catenella cells grown in culture medium prepared from natural seawater with and without DMSO, exhibited normal morphological characteristics with a symmetrical shape, normal and complete theca and membrane surrounding an intracellular organelles (Fig. 4A) . Cell diameter ranged between 28 and 32 μm. Exposure to the crude methanolic/aqueous extracts of both detrital and fresh Zostera leavesinduced important morphological and structural cellular changes. After 24h, the cells became motionless while losing their theca and flagella; the intracellular content retracted and the space between the membrane and the wall widened (Fig. 4C, D) . The number of cells stopping their division depended on the nature and the final concentration of each algicidal extract (Fig. 4B) . Alexandrium cells showed an important degradation in their intracellular organelles when exposed to increasing concentrations of the tested extracts (Fig. 4E, F) . These inhibited cells were observed under fluorescent light after staining the nucleus with DAPI and showed scattered and irregular DNA (Fig. 4H ) in comparison to control cells which were characterized by regular U-shaped nucleus (Fig. 4G) . The observed cell anomalies at lower Zostera extract concentrations (< 0.180 g L -1
) did not show up until 72 h.
Relationship between EC 50 and the phenolic contents of Zostera species
All the tested extracts inhibited A. catenella growth, but the extracts prepared with fresh leaves were effective at lower concentrations than the extracts prepared from detritus (Fig.  3) . A computational (SigmaPlot program) curve-fitting of the data using a sigmoidal function allowed calculation of the EC 50 values. They correspond to the concentrations of Zostera extracts in g L -1 at which maximum algal growth rate determined on a 72 h growth period is reduced by 50% compared to the control. The EC50 values (Table 1 ) varied in the range 0.036-0.199 g L -1 for Z. noltii and 0.036-0.239 g L -1 with Z. marina. From these results, it appears that the two species led to very similar inhibition of Alexandrium growth, confirming the indications previously provided by growth rates comparisons. In both cases, all the extracts exhibited a strong inhibition effect. The highest EC50 values were found for the extracts prepared from detrital leaves, confirming also that extracts prepared from fresh leaves were more toxic. Methanolic extracts were about 2.5 times more active than aqueous extracts whatever the species: 0.079 g L -1 compared to 0.199 g L -1 for Zn-An-D-M and ZnAn-D-W, respectively and 0.092 g L -1 compared to 0.239 g L-1 for Zm-An-D-M and Zm-An-D-W, respectively. For the two Zostera species, the EC 50 values of all of the extracts decreased when the total phenolic content (mg g -1 DW) increased ( Figure 5 ; Table 1 ). The fitted regression appeared statistically significant for Z. noltii extracts (P = 0.048); the same tendency was observed for Z. marina extracts, but the fitted not significant (P = 0.135).
Discussion
We observed that A. catenella, was strongly inhibited by very low concentrations of crude extracts prepared from Z. marina or Z. noltii from subtidal (Thau lagoon) and intertidal beds (Arcachon Bay). Accross all the extracts studied, growth inhibition of A. catenella became apparent after only 24-48 h of exposure depending on the extract tested and its concentration. Inhibition persisted over three days without the need of continuous addition of extract. The amplitude of the inhibition is time-and extract concentration-dependent. Our results show that the two eelgrass species led to very strong and similar inhibitions of Alexandrium growth. The EC 50 varied from 0.04 to 0.2 g L -1 for Z. noltii and from 0.04 to 0.24 g L -1 for Z. marina. Extracts prepared from fresh leaves induced the strongest inhibitory effect and the highest EC 50 values were found for the extracts prepared from detrital leaves. This was probably due to the loss of a part of the bioactive metabolites disloged leaves. Methanolic extracts from detritus were about 2.5 times more active than aqueous extracts. This is in agreement with previous studies Erhard and Gross, 2006; Mulderij et al., 2007) , which showed that solvents like methanol characterized by intermediate lipophilic properties do allow the extraction of watersoluble compounds from aquatic plants. In our study all of the Zostera extracts, including the aqueous ones, induced inhibition at low concentrations. Our results show clearly that high concentrations of phenolics correspond to low EC 50 values (Figure 5 ), suggesting that these metabolites could be responsible for the observed algicidal activity.The correlation between EC 50 values and phenolic contents of the extracts appears stronger for Z. noltii than for Z. marina. This might be linked to the difference in the flavonoid assemblage between the two species. The phenolics found in the Zostera extracts were zosteric acid (ZA), rosmarinic acid (RA) and flavonoids (F). RA is an ester of caffeic acid and 3,4-dihydroxyphenyllactic acid, which is mainly found in the plant species of Boraginaceae and Lamiaceae. A multitude of biological activities have been described for RA (Petersen and Simmonds, 2003) . It is a potent phagodeterrent against the tobacco hornworm Manduca sexta (Petersen and Simmonds, 2003) . The production of RA by Z. noltii and Z. marina is seasonally-dependent (Achamlale et al., 2009a; Ravn et al., 1994) . ZA is a sulphated phenolic acid found in both Z. noltii and Z. marina (Todd et al., 1993; Achamlale et al., 2009b) . ZA has been shown to have anti-fouling and anti-adhesion activities against algae, fungal spores and bacteria (Todd et al., 1993) . Z. noltii and Z. marina differ in their individual flavonoid components. The 7-sulphates of luteolin, diosmetin and chrysoeriol and the 7,3"-disulphate of luteolin were identified for Z. marina, the last one being the major product, whereas only the 7-sulphates of luteolin and diosmetin are found in Z. noltii with this last one being dominant (Harborne and Williams, 1976; Grignon-Dubois and Rezzonico, 2012) . These data joined to our experimental results suggest that the phenolic compounds present in the Zostera extracts are probably incriminated in the algicidal activity against Alexandrium cells.
The relatively lower EC 50 values obtained with the crude extracts prepared from detrital leaves suggest that RA could play a significant role in the inhibition effect. Indeed, methanolic or aqueous extracts contained similar concentrations of F and ZA, but RA was found only in methanolic extracts which were highly active. This is true for both Z. noltii and Z. marina. However, flavonoids probably contribute to the inhibitory effects, as shown by the results observed with the methanolic extracts prepared from fresh leaves. Indeed, the lowest crude extract EC 50 was not obtained for the highest concentration of RA (105.36 mg g -1 ), which has been found with Z. noltii leaves collected in the Thau lagoon. The different constituents might differ in the amplitude of the functional response that they induce or they could act in synergy.
Toxicity mechanisms of action of toxic substances usually include inhibition of growth (Nakai et al. 2001) , of PSII activity (Hagmann and Jüttner, 1996) , and of cellular motility. Toxic compounds can also affect the membrane permeability and the protein and nucleic acids synthesis (Ianora et al. 2006) . We observed severe structural anomalies of Alexandrium cells exposed to Zostera extracts and in acute cases membranes were lytic. Observations using photonic microscopy have revealed that after 24 h exposure to the crude extract, A. catenella cells underwent dramatic changes as they lost their flagella and settled. Our results indicated that extracts prepared from Z. marina and Z. noltii altered significantly the cellular structure of Alexandrium resulting in the observed high mortality rate (Fig. 3) .
Recently, inhibitory effects of dry powder of Ulva spp. against Alexandrium tamarense have been reported. The biomass at which dried Ulva tissue inhibited the normal microalgal growth by 50% were 0.19 g DW L -1 for U. lactuca (Nan et al., 2008 ) and 0.6-0.8 g DW L -1 for U. linza (Wang et al., 2007) and U. pertusa (Jin and Dong, 2003) . For comparison purpose, the dry weight of Zostera (DWP) equivalent to the EC50 has been calculated ( Table 1) . The obtained values were in the same order and varied in the range 0.12-0.77 g DW L -1 for Z. noltii and 0.09-0.83 g DW L -1 for Z. marina. They are lower than the plant biomass per volume found in moderately dense Zostera beds: 0.66 gDW L-1 for Z. noltii meadow and 0.97 gDW L-1 for Z. marina in Thau lagoon (Plus et al. 2003a,b) . This is in favor of a possible natural negative effect of the allelochemicals extracted from Zostera on Alexandrium. However, to gain more insights into the potential effects of Zostera bio-active molecules in situ, further investigations have to determine if the allelopathic substances are effectively exudated in the water column (Harper, 1975; Planas et al., 1981 , Hilt et al. 2012 ). ) variation of Alexandrium catenella exposed to different concentrations (g L-1) of (M) methanolic or (W) water extracts of (F) fresh or (D) detrital leaves of (Zn) Zostera noltii from (B) Bouzigues, (An) Andernos and (Ar) Arguin. Controls were constituted of A. catenella grown with a determined volume of DMSO or UltrapureWater/DMSO (1:4 in v/v), DMSO corresponding to the highest DMSO concentration of the tested extract. Statistics of the non parametric Kruskal-Wallis one way analysis of variance on ranks (H), and associated probability (P) are provided. Values are the means of three replicates. ) variation of Alexandrium catenella exposed to different concentrations (g L-1) of (M) methanolic or (W) water extracts of (F) fresh or (D) detrital leaves of (Zm) Zostera marina from (B) Bouzigues, (An) Andernos and (Ar) Arguin. Controls were constituted of A. catenella grown with a determined volume of DMSO or of UltrapureWater/DMSO (1:4 in v/v) corresponding to the highest Ultrapure-Water/DMSO concentration of the tested extract. Statistics of the non parametric Kruskal-Wallis one way analysis of variance on ranks (H), and associated probability (P) are provided. Values are the means of three replicates. ) of Alexandrium catenella exposed to (M) methanolic or (W) water extracts of (F) fresh or (D) detrital leaves of (Zn) Z. noltii or (Zm) Z. marina from (B) Bouzigues, (An) Andernos and (Ar) Arguin. Controls were constituted of A. catenella grown with determined volume of DMSO or Ultrapure-water/DMSO (1:4 in v/v). Growth values of 0 day -1 indicate an arrest of cell division and those below 0 day -1 indicate cell mortality. Statistics of the non parametric Kruskal-Wallis one way analysis of variance on ranks (H), and associated probability (P) are provided. ) for the two eelgrass species considered separately. Correlation coefficients are indicated for both regressions. The equations are Y = 0,76 exp (-0,02 * X) and Y = 0,93 exp (-0,05 * X) for Zostera noltii and Zostera marina, respectively.
